JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. 2. Oxygen consumption and CO2 production were measured over 24 h by direct respirometry in six juvenile sea lions. The respirometer consisted of a hood over a flume in which the sea lions were exercised to various levels for 15 min periods throughout each experiment. The exercise regime produced a mean metabolic rate which was 2.3 times the predicted basal metabolic rate (BMR) with mean maxima of 6.27 times the predicted BMR.
Introduction
The development of new methods of measuring energy expenditures in animals has allowed the study of animal energetics to move from the laboratory into the field. In particular, the doubly labelled water in general, the mean FMR exceeds basal metabolic rate (BMR; estimated from Kleiber 1961) by more than six times and Speakman (1993) has suggested that the DLW method may have overestimated FMR in these studies. Moreover, validation studies of DLW in mammals are not generally carried out on individuals exercising at levels normally found in the field.
The DLW method relies on the principle that water containing labelled hydrogen (D or 3H) is lost from the body water pool of individuals at a slower rate than water containing labelled oxygen (180). The influx of water from, for example, metabolism and ingestion will deplete both hydrogen and oxygen isotopes of water equally but, because the oxygen component of water is in equilibrium with CO2 in the blood through the action of carbonic anhydrase, additional labelled oxygen is lost from the body water pool through expired CO2 (Nagy 1989) . The production of CO2 is proportional to metabolic rate (expressed in ml 02 min-' kg-') multiplied by the respiratory exchange ratio (RE) which varies with the metabolic substrate being used (Schmidt-Nielsen 1975) . The technique involves several assumptions which must be upheld for it to operate satisfactorily (Lifson & McClintock 1966; Nagy 1980; Costa 1987; Speakman 1987; Prentice 1990 ).
An alternative method of determining metabolic rate is the use of heart rate (Butler 1993) . This method uses the Fick equation which shows that the flow of oxygen to the tissues (Vo2) = tissue oxygen extraction x cardiac stroke volume x heart rate (fH).
ThereforefH is independent of RE but it assumes that cardiac stroke volume and the oxygen extraction by the tissues remain constant or that both change in a systematic fashion. In marine mammals the relationship is potentially complicated by the large variation in heart rate which occurs during diving (Thompson & Fedak 1993 ). However, averaged over whole dive cycles (submergence plus recovery period at the surface), these animals may be in a steady state (Butler 1993) and Fedak (1986) demonstrated a linear relationship between fH and V02 in a grey seal during swimming whenfH and Vo2 were averaged over complete dive cycles.
The advantages and disadvantages of each of these methods ultimately depend on a combination of their utility and accuracy. In a study on Barnacle Geese (Branta leucopsis), Nolet et al. (1992) concluded that heart rate was a good measure of metabolic rate as long as data from groups of individuals were used and that the relationship between fH and Vo2 had been determined over the full range of fH. They also showed a good concordance between heart rate and measurement of metabolic rate from DLW. The DLW method relies on recapturing the individual within a set time interval after the start of an experiment, whereas the use of fH has no such restriction, particularly if data logging systems are used (Woakes, Butler & Bevan 1994) . Moreover,fH may be used to provide information about the energy costs of particular behaviours whereas DLW can only provide an average measure of'FMR over the time period of the experiment. When both these methods are used together, it should be possible to estimate the relative costs of specific behaviours within the period of a DLW experiment. Given the potential advantages of usingfH in addition to DLW and of measuringfH during DLW experiments, the aims of this study were to (1) 
Materials and methods
Six juvenile California Sea Lions (three female and three male, all approximately 1 year old) were used in the study. Two additional sea lions were also tested in the respirometer but they did not adapt well to the experimental apparatus and were released back into the wild before the experiments began. All the animals had been kept at Sea World, San Diego, for 1-3 months after being beached along the coast of California and were transferred under licence (Permit no. (1.4 m s-1) in the flume, the work load was increased by adding weights to a line and pulley attached to the back of the animal (see Williams, Kooyman & Croll 1991) .
In addition to measurement of 02 consumption and CO2 production by direct respirometry, CO2 production was estimated using DLW and 02 consumption was estimated using fH. Calibration of heart rate with metabolic rate for the individuals used in these experiments has been reported separately (Butler et al. 1992 ). Each sea lion was fasted for 18-24 h before an Validation of ter for 24-25h. During this time, individuals were metabolic rate exercised at different water velocities and with differin sea lions ent weights on the pulley line. These exercise periods lasted 15 min and were then generally followed by periods of 15 min rest or swimming at low speed.
Occasionally, rest periods were extended to 30 min. The system was calibrated for 02 with and without water flowing in the flume before and after each experiment using the N2 dilution technique (Fedak, Rome & Seeherman 1981) . For the CO2 calibration, 10. 103% C02, calibrated using the Scholander 0 5 cm3 gas analyser (Scholander 1947) , in N2 flowing at 1-3 1 min-' was mixed with the total flow entering the hood which gave a mean concentration of CO2 in the exhaust gas within the range observed when a sea lion was present in the respirometer. The theoretical fraction of both 02 and CO2 expected in the exhaust gases during calibrations was calculated using the equations in Davis, Williams & Kooyman (1985) and these showed the accuracy of the system was within 0.5% for both gases when there was no flow of water in the flume. These calibrations also permitted detection of leaks in the respirometry system. Absorption of CO2 by the water increased with increased water speed in the flume but there was no evidence of a change in the accuracy of 02 measurements with increased speed. The system was also calibrated against dry ambient air (20.94% 02, 0 03% C02) each hour during experiments while animals were in the respirometer. These calibrations took place while the seal was at rest and when metabolic rate was stable. Each calibration lasted =5 min. When a calibration was performed metabolic rate at the beginning of each calibration was assumed also to apply during calibrations. The 95% response time of the respirometry system was 2-3 min. All gas measurements were converted to STPD. (Lifson & McClintock 1966; Coward et al. 1985; Schoeller et al. 1986; Speakman 1993; Speakman, L L. Boyd et al. (Woakes et al. 1994 ) was placed within a sealed metal box and attached with epoxy glue to the hair on the back of each sea lion. Two electrocardiogram (ECG) electrodes (self-adhesive human stress electrodes; NDM, Dayton Ohio, USA) were placed on shaved, degreased skin in the mid-line of the back at the levels of the pectoral and pelvic girdles, and attached to the data logger. These electrode positions gave good clean ECG patterns even in active animals. Plastic covers were placed over the electrodes and attached to the surrounding fur with epoxy glue. The data logger averaged and stored fH every 30 s throughout the experiment. Owing to failure of one heart rate recorder during experiments, simultaneous measurements of fH and DLW were only available for five of the six sea lions. An additional experiment, without DLW, was subsequently carried out on the sea lion which had a faulty heart rate logger (Seal 1640). V02 was estimated from fH by calculating the expected V02 separately for each of the six calibration runs presented by Butler et al. (1992) . As the same individuals were used in the calibrations as in the validation experiments presented here, estimates of V02 fromfH for individuals were obtained only from the other five individuals in the study, i.e. we did not use the calibration data for individuals to estimate V02 for that individual; only calibration data from the other individuals were used. Heart rate was calculated as the mean for the period of the experiment and, when substituted in each calibration equation, this gave five independent measurements of Vo2, similar to those which would be obtained for heart rate measurements in an uncalibrated wild sea lion, and the mean of these five estimates was used as the estimate of V02 fromfH. of the isotopes in the body water pool (Nagy 1980) .
The duration of the experiments was limited because 24h was close to the maximum duration over which the heart rate electrode pads would remain in place (we were not permitted to implant the electrodes subcutaneously in these individuals as would normally be done in the wild) and it was also close to the maxi- Speakman & Racey (1987) . Measurements of 02 consumption were more reliable than those of CO2 production because a proportion of the CO2 was absorbed by the water in the flume and this proportion tended to increase with the speed of the flume. Therefore, CO2 production measured by direct respirometry ( 02 min-1 kg-' or 6 3 (5 4-7 6) times the predicted BMR, although these maxima were of short duration
(1-2 min).
The mean ? SD Vo2 estimated from fH was 11 95 ? 2 17 ml min' kg-' which was 2.52 ? 0.4 times the predicted BMR (Table 2 ). This was not significantly greater than Vo2 measured by direct respirometry (paired t=0*139, df=5, P>0.05) and, on average, represented a 270% (range -27.7 to +23.6%, SD = 19-58%) overestimate of 02 consumption.
The size of the body water pool was 52.1 ? 2.1% of body mass and the 2H body water pool was 1.046?0006 times the size of the 180 water pool (Table 3) . 02 consumption calculated from DLW depended upon which of the equations in the current literature was used to calculate CO2 production (Table 4) . Overall, the equations provided by Speakman et al. (1993, equations RI and R2 ) gave values which were closest to those measured using direct respirometry (Table 4) 
Discussion
The determinations of 02 consumption using bothfH and DLW showed variation between individuals which was unrelated to variations observed using direct respirometry. However, in both cases, 02 consumption was overestimated and, expressed in absolute terms, variability was greater for DLW than forfH and the average error was also greater for DLW.
Although the DLW measurements must be viewed in the context of the short duration of the experiments with the potential errors this could have introduced, these conclusions are broadly similar to other recent validation studies involving fH and DLW in birds (Nolet et al. 1992; Bevan et al. 1994 ).
DLW MEASUREMENTS
Most DLW validation studies of metabolic rate produce good agreement when values are averaged for groups of individuals but there can be considerable ranges of individual errors (Nagy 1989; Roberts 1989; Speakman & Racy 1988; Tatner & Bryant 1989; Nolet et al. 1993; Bevan et al. 1994) . In addition, DLW measurements of metabolic rate tend to overestimate actual metabolic rate, especially in mammals (Speakman & Racey 1988; Speakman 1993) .
The results of this study conform with these general conclusions from other validation studies. The degree of overestimate appears to be greater in sea lions than in other species of mammals (Speakman & Racey 1988) , although this must be considered in the light of the large variability in the accuracy of the DLW estimates of metabolic rate.
Part of the variability in the measurements of Vo2 from DLW in this study is probably because of the short duration of the experiments and, if we had been able to run the experiments for a longer time, it seems probable that this variation would have been reduced. Costa et al. 1989 Costa et al. , 1991 Reilly & Fedak 1991) .
in sea lions All of the previous studies of pinnipeds have used the Lifson & McClintock (1966) equation for calculating the rate of CO2 production (Table 4 ) and, using this equation, our results from DLW significantly overestimated metabolic rate (paired t = 2.89, df = 5, P < 0.03).
Note, however, that as six comparisons were made in Table 4 there was a one in six chance of detecting one significant difference at P = 003. Even considering this caveat, the average metabolic rates estimated for pinnipeds in the field may be closer to four times than to six times BMR as supposed previously. This may be because, according to our results, previous studies (Lifson & McClintock 1966 ) included a 46% overestimate of actual metabolic rate. This is consistent with our observations of the metabolic rates of Sea Lions under different levels of exercise. We had little success in raising metabolic rate to greater than six times BMR in our experimental subjects and we assumed that six times BMR was close to their maximum aerobic metabolic rate. This supports the view that previous studies of FMR in pinnipeds using DLW have overestimated metabolic rate, because it seems unlikely that individuals could have sustained metabolic rates close to maximum for several days, which is the normal duration of experiments examining FMR using DLW.
In post-absorptive individuals the expected RE would be close to 0.71 because this would be representative of the use of fat as the metabolic fuel. However, changing RE from the measured value (0.76) to the theoretical value (0.71) only exacerbated the overestimation of V02 from DLW. The RE in this study was closer to the RQ expected if the Sea Lions were using protein rather than fat as the main metabolic fuel, especially as RE tends to be reduced in a water flume because of absorbance of CO2 by the water.
The net effect of loss of CO2 in flume water would be to overestimate V02 from DLW. In a worst case scenario where the real RE was 1 .0 (representative of sea lions using carbohydrate as the metabolic fuel) and the estimated RE was 0.71 (representing the use of Table 4 . 02 consumption and CO2 production, estimated by the DLW method, for individual California Sea Lions using six different equations available in the literature. All values are ml 02 or CO2 min-' kg-' Tag no. where rCO2 is the rate of CO2 production (mol h-1), N is the total body water (mol) and ko and kh are the fractional turnover rates of the oxygen and hydrogen pools respectively. Most of the other potential sources of error, including maintenance of constant body water, no resorption of labelled water back into the body, differential loss of isotopes from the body by fractionation, cutaneous exchange of CO2 (Nagy 1980; Costa 1987) or loss of labelled 2H through methane production (Midwood et al. 1989) or by incorporation of water into 
